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OBJECTIVES

Analyze the performance of horizontal disc random arrays ot 16 omnidirectional,
cardioid, or iso-opt hypercardioid stements in vertically directive and isotropic ambient sea
noise. Assume that the arrays are tormed by a (constrained) random selection of element
locations but that they are operated over a wide frequency range for which the mean inter-
element spacing ranges from very small to very large (thinned). Analyzc array noise gains
and directional responses for these horizontal disc random arrays. Consider array sizes over
a twelvetold range, all of the same shape. Determine the array performance at frequencies
sutticiently low so that the mean interelement spacing is small and the gain s significantly
less than 10 Jog)g ¢ N).

RESULTS

. The use of hmagon directional hydrophones in arrays operatad al frequencies tor
which the mean interelement spacing exceeds one wavelength or s tess than 0.1 X vields
3-6 dB greater array gain than is provided by arrayvs with omnidirectional elements

20 Arrayvs with directional elements have nearly maximum gain with average inter-
clement spacings ol about one wavelengtiv it the design trequency (1) is 300 Hz. but fve-
wavelength spacing is required it 17y is 25 Hz.

3. Compured to a single directional element alone. an array ot 16 1s0-opt hypercar-
Jdioid elements provides a few dB less improvement in gain than an array of omnidirectional
elements.

4. The horizontal disc array has nearly constant guin with azimuth even with sub-
stantial asymmetry of giemesit locations.

S0 Beam widths of random disc arravs in both horizontal and vertical planesapproxi-
mate thase ot a solid horizontal disc. The vertical beam width is much greater than the
horizontal beam width tor the edge-five Jise. Lurge dise arrays such as those with a design
frequency o 30 Hz have a sigmiticant negative signal gain tor signals arriving at angles typical
of many realistic envirommuental conditions. Thair gain can be boosted by the use of vertical
steering.

6. The directivity patterns have relatively high average sidelobe fevels about -2
dB - but this is to be expected for random arravs with 10 clements.
RECOMMENDATIONS

1. Consider the horizontal disc array, including the random form discussed. for pos-
sible apolications.
hl

20 Investigate Tobe suppression with regular Tinite dise arrays.

3. Investigale ocean engimeenng o hoth regalar and random dises.
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BACKGROUND

In the study of passive sonar system performance and the potential extension

thereof, it was desired to determine how much improvement could be achieved by the use
of horizontal urrays. The bascline system is a single clement contaming two hvdrophones —
one omnidirectional, the other a directional receiver. Both types of hivdrophones are candi-
date elements for the arrays. NOSC TN 728 (ret 1) reported the noise gains and directional
responses of single optimal iso-opt hypercardioid. cardioid, and omnidirectional hydro-
phones in vertically directive noise (ret’ 21 and inisotropic noise. A recent paper (ret 3)

Jdescribes small directional hydrophones in a briet nonmathematical style.

This paper provides performance analvses of horizontal dise random arrays ot 16

such elements. An extensive review of array technology including much random array

theory, was published by Stemberg fret 4. Heindicates that random arrays dare pertoree
thinned™ and provides the theory, a historical account, and references pertaining to the
development thereot. Of course, no random arrav s thinned at arbitrarily low frequencies:
but the theory can be tractably zencralized at those higher frequencies for wiich the thinned

condition prevails, Even underwater sound appheations have been devoted almost exclu-

sively to thinned random arrays In this report the arravs are formed by o (constramed)

random selection of element locations but are operated over a4 wide Irequency range tor
which the mean mierclement spacing ranges from very small (not thinped) to very large

(thinncd). This is one of the ways i wiich this work is new. 1L provides analyses ot array

naoisc gains and directional responses tor these horizontal dise random arrays. Arrays with

sizes over a twelvetold tange. all of the same shape. are considered. One objective 1s to

determine the array perforpiance at trequencres low enough that the mean iterelement

spacing is small and the gain s signiticantly less than 10 logy g (N). where Nois the number

of clements.

two-, and three-dimensional arrays, including the eftects of directional hvdrophones et 3=,

Prior work ot the author considered the performance (especially array gaim) ol one-.

[

i

NOSC TN 725 Optimal Gains Tor Hornzontal Directional Hydrophones saa Vertically Directive Neise
Field, by GE Marin, 23 July 19790 NOSC TNs are mtormal documents intended chielly tor intermal use.
MC Report 011 Acoustic Eavironawental Scenanos wid Predicniois for ASW  October 1972 vol 2-73,
Long Range Acoustic Propagation Project. Ocean Scierive Program, Maury Center tor Oceun Scienge,
Department ol the Navy.,

Small-Aperture Directional Hydrophones, by GD Ropenisont iR Publication 78 CH 13544 AES.
EASCON 78 Kecord  IEFE 28227 Saptember 197N p 2TR-2N

Principles of Aperture and Array Svstem Design, by BD Steinberg. John Wiley & Sons, NY 1076,

p 13080,

Ay Gaine Vaoations Due re Nose Aimsotropy by GL Marting IEEE Pablication 73 CHO WO&S kLT
EASCON 1975 Record. Seprember-October 173 poTA-67).

CGatn et Cylindrical Ancavs in Ansotiopie Sea Noose By GE Marsis paper L3 Nt Literngrional Con-

gress on Acowtios, Madriel JTuiy 1977

Underwater Array Design as Inthueaced by Back goound None and Propagation Eltects, by GL Martn,
Proceedings of Conterence an Scund Propagaton and Underwater Systems, (British) Tnstitute ot Acous-
tics. Underwater Acoustios Group, Impenal Colleze, Londen, 10 April 197s,

x 5 .
Steinberg fret 4p 139) severely s random arravs as tollow s 7 The ndony array aone tor

apertodic array . AU g thiined arcay inean interelen

Atspacing grcater thae N 2h aid theretore s loss

costlyvan componaits than a coinventongl phased arrey
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Those studies used vertically directive noise (ret 2), but for a different set of ocean environ-
mental parameters. For well-sampled horizontally planar arrays, greater improvement of
gam was azchieved with the plane’s elements configured as upward-null cardioid hydrophones
than tor relatively thin (T < 2A) volumetric configurations (ref 5). 1t was also demonstrated
that array gain varies significantly with the noise model; thus the best available model should
be used for system analyses. This is generally not critical for arrays that are undersampled,
such as large random arrays that contain relatively few elements. Although that prior work
provides useful general information, specific results are needed for random arrays with sev-
eral types of hydrophone directionalities.

Both in this report and the prior work, we neglect all noise other than ambient sea
noise. The noise of the hydrophone duc to flow and (vertical) motion can be significant -
especially so tor gradient-type hydrophones (el 8).

COORDINATE SYSTEM

Figure 1 shows the usual spherical coordinate system (ref 9) that we will use, where
Xx=Rsind cos ¢
yv=Rsindsing

z=Rcos@.

Figure 1. Spherical coordinate system.
GENERAL CHARACTER OF SEA NOISE

The environmental noise levels typical of ocean areas (ref 10) are shown in figure 2

for the low- to medium-trequency region. The low frequencies are dominated by shipping

8. Measurements of Low-Velocity Flow Noise on Pressure and Pressure Gradient Hydrophones, by RA
Finger, LA Abbagnaro, and BB Bauer;J Acoust Soc Am, vol 65, June 1979, p 1407-1412.
9. Merthods of Theoretical Physics, by PM Morse and H Feshbach, vol 1, p 658, McGraw-Hill Book Co,
BN DER)
10, fecnanics of Underwater Noise, by D Ross; Pergamon Press, NY, 1976, p 71, 281.
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noise from discrete azimuths along certain vertical arrival angles. from both open-ocean and
bottom-coupled cantributions. The middle trequencies are dominated by surlace wind
noise that is predominantly unitorm m azimuthal distribution. Thus. realistic representa-
tions of amnbicnt noise must inctude horizontal directionatity . The discussion here is Tnnted
to noise with realistic vertical directionaiity bhut omnidirectional character m all horizontal
planes.

The frequency dependence of noise evident in figure 2 reveals o change i the domi-
nant noise mechanism above about 200 Hz: the actual crossover frequency depends some-
what upon the relative levels due to shipping and surface wind - System performance gener-
ally is better above this frequeney becuuse the naise levelsdre lewer. Since noise s an
important fuctor in the consideration ot svstem performunce. it was constdered vital in this
veneralized study to use o wide range of fregrencies up to 600 Hy.

The character of the noise model s that of a timeainvariant ooean m which ships
radiate noise unitormih . Iocre are no nearby ships that otherwine would dominate the noise
field.

AMBIENT SEA NOISE

This stud: relates primanly to ditecionai ambrent sea nosse that has vertical (4)
Jdependence but no horizontal (9) dependence. The sea nose mtenssty per unit solid angle
Gsteradian) as considered to be unitorim in all horizontal planes and s given by the relationsiap
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N, ¢) = n).

Such noise tield duaty are used for passive sonur system performance studies (ret |, 4, 5. 6)

and other undersea environmental resources such as the Long Range Acoustic Propagation

Project (LRAPP) (ret 2). Also of this vertically directive nature are some wind noise forms
such as the idealized surface dipole model.

The entire study was devoted to one ocean area. The sound speed profile is shown
in figure 3. The water has a depth of 3000 metres (9843 feet). This study was limited to a
source depth of 60 feet and a receiver depth of 9793 feet, S0 fect above the bottom. The
noise data tor these conditions are listed in table | and are graphically displayed in figure 4.

DIRECTIONAL HYDROPHONE ARRAY-ELEMENT RESPONSES

Since the various candidate hydrophene elements are discussed in detail tnret 1. a
mere brief summary is appropriate here. The omnidirectional and gradient hydrophones all
possess a dircctional response of the limagon form of Pascal:

A ‘ B
A+B A+B

n=

Cos (@ -OH) s (),

where ¢ Is the eftective steering angle of the hydrophone in the herizontal plane and

Uy =

o]

-

500+

-1

1000

-

1500 -

DEPTH, m

2000 [~

3000 L_L__L_.._J‘_ | 1 1
1480 1490 1500 1510 1520

SPEED OF SOUND, m.s

Figure 3. Sound speed profile for an ocean area.
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Source Depth = 00 teet (18.3 m}
Recciver Depth — 9793 feet (2985 m)

brequency. Hy

[sotropic

Umin  Ymax 10 S0 100 0 900 200 Noise Level
0.0 255 484 dN4 4TS 450 423w 570
: 28K 269 382 482 47 1 448 318 3749 37.0 :
T TR L0 SR U S R (1 R bl SR X ) Bt | I SR S 270 ‘

J56 AR NV 0.1 I8 0 418 0.6 2 370

hRN 600 N9 Sy J9x 429 Yy 6.0 7.0

60.0 664 33X SIX S13 BRI KU Je6.l s7.0

064 725 6.3 6.3 RN 131 J00 RAN 270

728 IS 62 6l 2 64 49 ] i S0 70

B 43 6lo 06 39 AR 452 344 3T

w43 YO0 730 30 6".2 837 462 6.} AT

Y00 9587 731 ERIR 677 SNT 9.6 320 ht

AT U1 ) B SR 656 6l AR S0.6 440 370

1018 1078 Hh3 3 63 39 2 354 sS4 1537 70

1075 1136 O [ AL IR S36 822 4701 T0

1Hie 1200 607 607 3R S6 2 NN %2 270

1200 1209 602 603 X2 S69 S19 49 70

1260 1314 [EUN 60! 382 E NENC <99 ST 0

344 1430 60 1 601 L Sk 0 Sa2 A 570

T 431 1542 602 602 sy SRS 8AN s 370

1542 1800 604 604 395 390 S6.2 s1.7 70

Omnt Level 757 737 71 661 621 871 70.0

Tuble 1o Vertiacal noise directionahity m dB re 1 Woesr,

Sonie churacteristics of several hvdrophones are presented o table 20 The directional

hydrophones are used to achieve hgher gain. A sigle o=opt™® unit has a gain ot 4.9 1o 6.9
dB in this vertically directive noise.

The directional responses of iso-opt hy percardiond, cardiond cand tone kind oy opta-
mal hvdrophones aic shown in tigure 3. The opumal amtn sotropic naise s called the
1so-opt hypercardioid bere 1o differentiate i from other himagons. 1 has nearly optimal
gain for thas vertically directive noise, as shown m table 20 This report assesses the gain

improvement of srrays using such directiond cloments.

b

L3 . - -
Aniso-opt hydrophene oo by percardiond hevagen with parameters A = G258 and B = 0073 winch are

sl B
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Type Omnidirectional Cardioid Iso-opt Optimul
A 1.000 0.500 0.250 variable
B 0.000 .500 0.750 variable
Gainin
Isotropic 0.000 4771 6.02i 6.021
Noise, dB
Gain in f=10 0.000 4.366 4.904 4993
Vertically | = 50 0 000 41606 4.904 4.993
Directive =100 0.000 4472 3179 $.230
Noise,dB | = 300 0.000 4.790 6.07% 6.079
I'= 900 0.000 4.969 6.642 6.674
I'= 2400 0.000 S.01X 6.X78 - 936
Table 2. Some charactenistics ot hydrophones.
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ARRAY DESIGN

Consider a set of arrays of various sizes but of proportional dimensions. 1t
is useful to define the design frequency, fp, such that the mean interelement spacing
is one wavelength:

MR i LA i

ma- = N(?\D)z s N(c/fD)z,

where
N = number of array elements
a = radius of the disc
¢ = speed of sound.

! Ii we assume

: N =16 and ¢ = 5000 feet per second,

. .,W rlHme_nwmr‘lﬂ"‘p‘mumﬂlmw“ WW T 1) TN,

then

The element locations were determined on the basis of such a radius. Let u(t) be a random
variable with values uniformly distributed over the range

Osut) sl

R T IR A [ T P e

for a domain of t of all positive integers. Tien let

L

x{(€) = 2u(t) -a
y(¥) = 2u(t +1) ~-a,

such that
3 B} - “
(M- =[x =+ [y(Q]~ < (a)-.

That is, we reject all output pairs that would produce (x,y) pairs outside a circle of radius a.
Qur first 56 such valid locations are shown in figure 6. The first 16 locations are noted with
a circle; the second 16 with the symbol X, For a thorough study many sets of focations
would be analyzed, but neither funding nor time would permit that. Instead, a single realis-
tic distribution was used. The first 16 locationsasa . ..o were rejected. Among other
reasons were (1) the nearly identical coordinates for exvinents 11 and 14 and (2) the small
effective radius. The cecond 16 locations were used for all random arrays and are shown for
unit radius in figure 7. Arrays studied were scaled for these reference dimensions to produce
arrays with design frequencies, radii, and diameters as shown in table 3. The actual coordi-
nates for the array with fiy = 50 Hz are given in table 4. Only the three arrays with design
frequencics of 50, 150, and 300 Hz were studied completely, sonar system analyses included. :
All were investigated for the noise gain and directional characteristics information reported
here.
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Figure 6. The first 56 randomly-selected tocations for horizontal disc arrays.,
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-10 -08 -06 -04 -02 0 0.2 0.4 0.6 08 1.0

ipy. Hz L2550 7S 1000 125 150 225 300

i
a. feet 450 225 150 1128 90 75 SG 315 g
Dia feet 900 450 300 225 180 IS0 100 7S :

Table 3. Design frequencies, radii, and diameters of arrays.
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x(?) v(©) 7(%) r(¢) a

1 1¢9 .86 3o .49 « 30 134.89 225.00

It =24 440 1344060 «L0 136,79 223.00

5 -38.41 ~42402 «00 57.37 225.00

& -116.52 108.0v .00 158.94 225.00

9 -13.08 113.18 «L0 113.94 225.00

& «20.68 -9.56 «G0 71.32 225.00

7 176 .8¢ 42.37 +0C 181.87 225.00

a «12045C 56,45 00 133.07 225,00
1C 120.81 -60.89 «00 135.28 225.00
1" 114,5C 85 .67 « U0 131.90 225.00
1¢ -62.37 -65.83 +0C 78.29 225400
15 ¢S5.82 150.7¢ « 00 152.9¢6 ¢2%.00
14 114.72 6C.B89 «CC 129.88 225.00
15 19.99 -89.78 «(C 91.98 225.00
18 -12.72 ~55 .61 GG 57.04 225.00
17 -182,.75 ~40.93 .CC 192.18 225.00
15 17.84 12.56 «CU 21.82 225.00
1y =-10.23 92.08 «C0 93,24 225.00
2C T -212.07 oG 212.07 225.00
21 79‘9‘1 "05.02 .CG 132.‘6 225.00
22 63,013 -99.C9 oLC 117,44 22%.0C
23 -153.0¢ 5$3.1¢ +CC 190.66 225.00
24 -34,58 146 .64 oG 15086 225.00
25 178,18 =22.65 oLC 179.56 225.00
P4 -21.12 ~1867.28 «CC 1¢8.60 225.00
27? 58.2¢C -101.50 oLC 117.00 225.00
2t 249Y 184470 oL 10473 225.00
¢y “90.2¢ =3 .5¢ oLl 90.29 225%.00
3C -199.61 -85.20 .CC 217.05 225.0C
31 -79.58 185 .44 oLl 201.7¢9 225.00
3¢ 05.57 154 .01 «0C 167.39 225.00
3 31,48 6b.18 L0 73.29 22%.00
34 ¢3.8¢ 167460 -GC 179,33 225,00
35 ~6t78 -19¢.C9 «uC 2G0e49 225.00
3o -39.65 120,77 « 0 127.11 225400
37 =134.13 145,84 L0 134,85 225.00
38 -79459 178.78 Ul 195469 225.00
39 ~80.35 ~38.77 o0 §9.22 225.00
&C 109.22 $46 .85 +Co 123.13 225.00
4 “207.,97 ~T7T9.,78 oLC 222475 225.,00
&< 34 .00 -65.88 ~CC 74,16 225.00
o3 ~89.84 -119,6C +GC 149,58 225.00
44 100.9¢ -1846.21 «CC 2114062 225.00
49 ~&49.1¢6 -2C.Ch «J0 5310 225.00
Y ¢d.gl 193,05 .LC 203.33 224%.00
&7 ~82.17 168,04 ] 187.59 225.00
[Y.] =35.04 =214 .98 « UG 217.90 225.00
49 -.91 ~15042% «L(C 15026 225.00
SC 115.7¢ -55.18 Lt 128.24 225.00
51 -211.00 10,51 sul 211,64 225.00
9¢ -16.95 ~16k.16 «LC 169.01 225.00
52 «3.57 Bb.hb is] wo,R2 225.00
$4 0047 92,61 o L0 122.71 224.00
S5 ~toe.6b 80,97  oCC 196,31 225.00
bY 191,006 -103.,12 euC 217.1: 22%.00
$? 1(9.12 -1%4,CC oiC 168.7¢ 225.00

Table 4. Coordinates tor dise array with design
frequency of 50 Hz.
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ARRAY NOISE GAIN

Array gain is probably the most important array characteristic, since detectability is
proportiona! to gain and higher gain alsc improves localization (resolution). Extensive cal-
culations of array noise gain were made by using the NOSC PASS computer model (ref 11).
Array signal gain was not considered here. Noise was assumed to be cither vertically direc-
tive orisotropic. (For the latter, array gain is called directivity index.) Table 5 and appen-
dix A give the gains for arrays in the vertically directive noise field, Tabulations are pro-
vided for arrays with iso-opt elements and those with omnidirectional elements. The arrays
and the directional elements are steered for main-beam response at ¢g = 45° and 0g = 90°.
Appendix A s a detailed listing of gains with iso-opt and omnidirectional clements as well
as the difference ot those two gains, to show the improvement of gain due to the use of
directional elements.

The general character of array noise gain is presented i figure 8 as a function of the
relative frequency. ffpy. The data are displayed with separate symbols for each of the cight
array sizes. Since the gains were computed at fixed frequencies and the design frequencies
range from 235 to 300 Hz, the abscissa values exhibit a spread. Nonetheless, this type of
presentation is very etfective for the evaluation of general trends. The gains of arravs with
omnidirectional hydrophones have relatively small scatter. approaching the 10 tog) g (N)
value of 12 dB for frequencivs above the design frequency in both vertically directive and
isotropic noise. Forarrays with iso-opt hypercardioid elements, gains scatter significantly
for trequencies above 0.5 1y for the vertically directive noise but the scatter is small for iso-
tropic noise. For both noise tields, the high-frequency gains approach 18 dB (the sum of
the gain due to an array with 1¢ independent omnidirectional elements (12 dB) and the
gain ol an iso-ont hypercardioid hydrophone). The smalier arrays. eg with {3 = 300 Hz.
approach maximum gain at a lower relative frequency in this vertically directive noise ficld.
The improvement duc to the use of iso-opt hvpercardioid elements varies from 1 1o 6 dB.
At relative frequencies below 0.09 £y, the gain due to the simple hypercardioid is more than
that due to the array. The effects due to the 1so-opt are also significantly beneticial for fre-
quencies above the design trequency.

These results lead to some important conclusions relative to iterelement spacing in
array design. In general its desirable to space array elements so that the pair coherence in
expected noise fields is relatively small. Such spacings provide nearly maximum gain tor the
array. I much smaller spacings are used, the array gain is smaller tor the same system cost.
To reduce cost, it is necessary to use the minimum number of elements and associated elec-
tronic channels, The necessary operation over o band of frequencies, however. entails some
compromise. These relationships are summarized in table 6.

For omnidirectional hydrophones, the array gain ot the disc is within 1 dB of its
maximum (high-frequency) value for interclement spacings of 0.7 to 0.8 wavelength, for all
noise directionalitios considered . Tt is significant both that the spacing required is smaller
than one wavelength and that the results are valid for widely different noise directionahitios.

11, NOSC Technicul Note NUC TN 1758, Performance Analysis for Surveillance System (PASS), User’s
Guide, by JL Hofmockel, JW Aitkenhead, and LK Arndt, September 1970,
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Noise Direstionality
Vertically Directive
Hydrophone Type Isotropic fjy = 300 fp =100 Ip=2
Omnidirectional 0.7 0.8 0.8 0.8
Iso-opt hypercardioid 2.0 1. 2.0 5
“‘D + d:\) (330) (200) (12%)

Table 6. Minimum relative interelement spacing. d AL to achieve array gain
within 1 dB of maximum (disc arrays).

The results may be signiticantly difterent it iso-opt hypercardioid hydrophones are
uscd, however. For isotropic noise, the minimum spacing 1s two wavelengths. For vertically
ducclive puise, thie minian spacing varies from 1.1 A for high-frequency arrays (fy = 300)
to 5 A tor low-frequency arrays (fp = 235).

Jhese are important observations. The higher-gain arrays using directional elements
achieve maximum gain at wider spacings. This effect is substantial tor low-frequency arrays.
However, mid-frequency arrays (fjy = 300 Hz) require only a slightly larger spacing. The
product fpy = d°Ax given in table 6 indicates the frequency at which the array with directional
hydrophones 1s within 1 dB of maxaimum gain. This is 330 Hz for an array with Iy = 300 He.
125 Hz for an array with iy = 25 Hz.* It is readily apparent that arrays must be inoi-li-
nately large to achieve high gain at low frequencies, much more than one might conclade
from the linear relation between trequency and wave number (¢ = ).

The tmprovement of gain due to the use of iso-opt hypercardioid hydrophones is
shown in figure 9 for a single array (1p = 150 Hz). The gains with omnidirectional, cardioid.
and iso-opt hypercardioid hydrophones are given. The difference between the array noise
gains with iso-opt and with omnidirectional elements is due to the use of the directional
hydrophones — an improvement that ranges from 1 to 6 dB. This paper doves not consider
the hvdrophore selt-noise issues, but the improvement derived by the use ol directional
hydrophones must oftset the disadvantages such as increased self-noise and lower resultant
array gam.

The gain improvement due to the ditterence of iso-opt and omnridirectional elements
has been considered above. A primary issue m this study s the gain improvement due ta the
array. This is illustrated in figure 10 for tie array with fy = 130 Hz. The gains for an array
of iso-opt hydrophones and for an array with onmidirectional clements are shown. Gains
are zlso shown for a single iso-opt hydrophone alone (from data in table 2). The differences
of the gains of an array of 1so-opt elements and those of a single 1so-opt hydrophone repre-
sent the improvement doe to the arrav. Althoueh the improvement is less than the array
gain with omnidirectional hydrophoaes, itis sienificant- at 1= {]y = 150 Hz, the improve-
ment of 9 dB would triple the sonar range in a cylindrically spreading propagation environ-
ment. Even so. the use of an array of these hvdrophones may not be as cost effective as a
widely distributed ticld of single hydrophones.

. .
This is evident also when Jata are plotied as i the next few figures,
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Figure 9. Gains tor arrays with various types ot hydrophones in vertically directive noise
(N = 16,1 =150, ¢g = 45°).

The effects of design frequency (ie array diameter) are shown in figure 11. The
curves are very smooth for arrays with iso-opt elements, but they vary more with frequency
it the elements are omnidirectional.

Almost all results described in this report relate to random disc “rrays steered to
g = 90° and g = 42° j¢in the horizontal plane 45° from the x and v s, Because the
locations of array elements as shown in figure 7 were detert, ned by 4 :.indom number gen-
crator, the array is not symmetrical. The gaing for three arrays with omnidirectional ele-
ments are shown in figure 12 for g =0, 45° and 90°. Apparently a relativeiy small varia-
tion in array gain versus azimuth exists that is due to the substantiai asymmetry of the array.
It is important to recall that the noise model is nondirectional in horizontal planes. That is
often not true in practice. and gain can change with azimuth. Disc arrays, however, have
small gain changes with azimuth even if they are random arrays as illustrated here.
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All of the prior results apply to the vertically directive noise hicld. The gains were
also calculated for isotropic noise, and these are listed in table
gains for directional noise (see table 3) and isotropic noise are small, these data are prosented

for the record without illustrations.
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DIRECTIONAL RESPONSE IN HORIZONTAL AND VERTICAL PLANES

RESOLUTION

Bearing resolution will be defined in terms of the beam wiaths of the arrays. To
obtain a general relationship for discrete random disc arrays, the directional respenses for
solid disc arrays will be derived.

DIRECTIONAL RESPONSE OF A HORIZONTAL SOLID THIN DISC

The normalized directional response of a horizontal thin disc is given by the
relationship

G0
p= v T
where
v FkaV

(V): = {sin (OS) Cos (¢S) —sin (#) cos (9)] :
< |sin (HS) sin (0g) =sin (A)sin ()] :.
For the halt-power bearn width,
)

p=—z==kaV =21.61634,

so that

with the dhameter

D= 2.
HORIZONTAL BEAM WIDTH OF A SOLID DISC

For the honizon al beam width,

¢ :US:

r.:':l
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In view of the symmetry of the two solutions, the beam width, BW, in degrees, is as follows:

2360
BW = =16 - ol

(s ol oo i

720 . i [0.s14s
~TDy |
)
0.25725
(2
X

It the disc is sufficiently large,

()

so that

BW = 229,18 sin~!

58.96°
(%)
A

This beam width is similar in form to that of an unshaded lincar array except that it is about
157 broader because of the inherent spatial shading.

BW =

vt R L o b o s sl ]

It the disc is steered vertically, the horizontal beam width solution is of nearly iden-
tical form.

L 1

i W

7] =HS
\%

i

2sin (()S) sin [ (¢ _gs);:]

720 . 1.61634
T Ty —
on (—7\-) sin (US)

fl

l)
Jnd- '(" Id R s
¢ A

58.96°

o E(I)) inide) .
bl B
A S

VERTICAL BEAM */IDTH OF A SOLID DISC

Consider the vertical beam width where the disc is steered to the proper azimuth so
that




¢ =9¢g and V = £(sin ¥ -sin ()S).
Let us define

o) =sindg +0.5145/(D/))
and

oy =sin gg- 0.5145,(DA),

s0 that beam width is given by the relationships
BW =sin™! () - sin”! (aa) (if a; < 1.0)
BW =7 - 2sin”! (@) (it a; > 1.0

and the beam width doubles to its maximum value, BW . as o) passes through unity. where

BW v =4 sin~1/05145 (DM
and
meux =4 COS_I Vsin HS.

Two simple equations can be obtained if the disc is large. When the steering is relatively hori-
zontal or near edge-fire (HS = q’'2), then

BW ~ 116.24°

/D
\/ }T“"HS

When the steering of the dise is nearly vertical or near broadside Wg = 0). then

. W
for tan (%—) tan (US) >1.

$8.957° , BW
BW x:lz—g— for tan (%l) tan 05 < 1.
N u).sUS

Disc arrays employed with edge-fire operation have been of interest 1o NOSC for years.
Directional responses such as the oolee-fire beam width have been reported (ref 6,12y,

HORIZONTAL BEAM WIDTH FOR 1IORIZONTAL DISC RANDOM ARRAY

In horizontal planes, the directional response of anarray of N omnidirectional ele-
ments is as follows:

N
1 K IX(Ocos (@)=cos (@) ] +y (L) sin (P)-sin Q)] }
PHOR = N z ¢ S s
£=1

12, Available 1o gualitied requestors,

bl

L
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where x(8) and y(X) are the coordinates of the £th element of the array located in the hori-
zontal (z = 0) plane. The responses were computed near the main-response axis. Half-
power beam widths were determined by recognizing that

DB = 10 log; g (IpyoR !>
= (P - ¢S):~

We form estimates for ¢ such that

Q BW
¢1 =ggt T
and
0 BW
¢126g- =

A very useful estimator is given by the following relationship:

oo 0 0 . _ A
= :¢n S¢g + (én - ¢g) \/DB(qb“. 9g)(-3.0103). (n=1or?)

Multiple iterations may be required for sufficient precision. The beam width s given by the
relationship

B“—-¢] -C):

The resultant beam widths for the 16-¢lement random arrays are presented in table 8.
y P

The beam widths are also given for the random arrays with cardioid and iso-opt elements.
Even though the beam widths vary appreciably, the product of beam width and frequency,
as theory predicts, is nearly constant except at low frequencies. Using the design parametuers
for the arrays and the solid<disc beam width equation leads to the theoretical relation for a
solid disc,
ot o
BW[—]=13.06",
"

which agrees well with the reported random-array results.

VERTICAL BEAM WIDTH FOR HORIZONTAL DISC RANDOM ARRAY

In verticul planes, the directional response of an array of N omnidirectional clements
is given by the relationship

N
PN R0 cos (@) +y (k) sin (@g)]) [sin () =sin (0 g)]
PVvERT T N 2 ¢ ) :
2=1
Half-power beam widths were determined, based upon the approximation that
101log (IpHOR]:) = (4 - Usl4,

where s a constant to he determined
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Beam width, ©

Freq, fpp =130 fp=150 fp = 300

Hz | Omni Curdioid Iso-opt]Omni Cardioid Iso-opt |Omni Cardioid 1so-opt

10 | 65.7 59.1 56.3 | 239, 1.6 94.2 | 360. 1255 102.0
50 12 12.8 12,7 1 388 374 36.7 | 79.8 68.4 64.2
100 | 6.4 6.40 640 | 193 19.1 19.0 | 38.8 373 36.7
150 [ 427 4.27 427 1128 12.8 12.7 1257 253 251
250 256 2.56 256 | 7.69 7.68 767 | 154 153 153
300 | 2.4 2.4 214 ] 64 6.40 640 | 12.% 12.7 12.7
600 1.07 1.07 » 107 ]3.20 3.20 320 | 641 6.40 6.40

(I fp} X beam width, ¢

Freq, '.D = 50 fD =150 I'D = 300

Hz [ Omni Cardioid Iso-opt|Omni Cardioid Iso-opt|Gicni Cardioid Iso-opt

10 13.1 i8 11.3 15.9 744 6.28 X 4.1% 140

50 | 128 128 127 1129 12,5 122 (133 1.4 10.7
100 12.% 12.8 12.8 129 12.7 12.7 12,9 124 12.2
150 | 128 128 128 1128 12,8 127 129 12.7 12.5
250 128 128 12X i28 128 128 128 12 % 127
300 128 12.8 12.8 12,8 12.8 12.8 12.8 12.8 128
600 [ 128 128 128 | 128 12.8 128 | 128 12.8 12.%

Table 8. Horizontal beam widths for horizontul disc random arrays
(N =16, ¢S = 450.05 = ()OO).

An iterative methoed, similar to the horizontal beam width technique, was used for the verti-
cal beam width calculation.

The resultant beam widths tor 16-clement random arrays are presented in table V.
The product of the beam width and the square root of the relative frequency is nearly con-
stant, in agreement with the theory for the solid dise, which indicates the tollowing:

BW /1.y = 54.71°.

Some of the beam widths are sufficiently narrow that the signal loss will be significant for
many target ranges. The vertical beam widths for the arrays with high design frequency are
broader than those of the arrays with lower design frequencies. Thus the signal Joss will he
more pronounced for larger arrays with lower design fregaencies. These signal loss effects
can be climinated by steering the arrays vertically to accommodate the signal arrivals of
interest. The thin disc will have up-down symmetry, so that vertical steering produces down-
ward and upward beams that intercept both kinds of signal (and noise) arrivals.
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Beam width, °

RS 1 LB 1A AL o0 5 M ey A

Frcq, fD =50 fD = 150 fD = 300

Hz | Omni Cardioid Iso-opt]Omni Cardioid 1so-opt{Omni Cardioid 1so-opt

10 1129.0 102.2 91.2 X 125.1 102.7 X 129.3 104.2

SO | 55.2 530 S19 | 976 856 7198 {1430 107.5 94.4
100 3.5 35.1 377 68.0 63.9 0l.8 97.6 §5.6 79.8
150 | 317 nal 31 §58.2 53.0 519 | 789 72.5 69.3
250 | 245 243 242 | 426 41.6 4i.1 1606 57.7 $6.3
300 | 224 222 221 REN 8.1 37.7 | 552 3.0 319
600 158 15K 157 | 274 271 7.0 | 3BY 8.1 8.1

(t/fp) X beam width,®

Frey, fp = 50 iy = 150 fp = 300

Hz | Omm Cardioid Iso-opt |Omni Cardioid Iso-opt[{Omni Cardioid Isc-opt

10 | 57.7 457 40.% X 3 459 X 236 19.0

S0 §5.2 N0 519 s6.4 49 .4 46.1 S84 439 38.5
100 | 549 819 333 | S55 5§22 08 | 564 49.4 46.1
150 S4.9 542 Sy §5.2 830 S19 35 513 490
250 | S48 54.3 54.1 450 537 531 §5.3 52.7 314
300 | 548 S4.4 4.0 549 5319 533 | 852 $3.0 519
600 | S4.7 847 544 | 548 54.2 S40 | S48 5319 839

Table 9. Vertical beam widths for horizontal disc random arrays
(N=16,¢5=45° 8¢ =90°).

HORIZONTAL DIRECTIONAL RESPONSE FOR HORIZONTAL DISC RANDOM
ARRAY

The directional response in a horizontal plane, poR. can be calculated for all azi-
muths. Several sets of these responses are presented here to illustrate the general character
of the patterns, including the sidelobe levels.

The change of directional response with frequency is shown in figure 13, Since all
arrays are proportional in dimensions, patterns for all arrays are the same for cqual relative
frequencies, {1y, Results are illustrated for three values of relatuve frequencies: 0.5, 1.0,
and 2.0, The beam width is about inversely proportional to frequency, as discussed above.
The sidelobe levels are relatively poor for arrays with omnidirectional elements, but the
results are typical. Rundom arrays generally have mean sidelobe levels of =10 log g (N),
which amounts to =12 dB tor arrays of 16 clements. The backward responses are improved
substantially by the use of cardioid and iso-opt directional hydrophone elements, but the
forward responses are nearly unaftected by change of element directionality. In general, the
directional discrimination of these unshaded arrays is much superior to that of a single
hvdrophone but sufficiently inadequate that false-target problems could result from off-
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Fizure 13. Horizontal directional response of 16-clement horizontal disc random arrays.
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The 50 Hz directic nal responses of three arrays with design frequencies of 50, 150,
and 300 Hz are shown in figu 14. Many of the observations are similar to those concerning
figure 13. The larger arrays with lower design frequencies (and higher ncise gain) exhibit the
greater directional discrimination.

Figures 15 and 16 show the 150 Hz and 300 Hz directional responses, respectively.

fp = S0Hz fp =150Hz
DIA =450 ft DIA =150 ft
(o 0°

(a)

(b)

(c}
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o’
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Figure 14, Horizontal directional respunse ol horizontal disc random arrays, (= 30 Hz.
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Figure 16. Horizontal directional response of horizontal disc random arrays, { = 300 Hz.
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CONCLUSIONS

One class of disc array with 16 randomly located clements has been investigated. In
both verticaily directive and isotropic noise fields. array noise gain results are similar. There
is a significant (3 to 6 dB) improvement of array gain due to the use of limagon directional
hydrophones in the arrays operated at frequencies for which the mean interelement spacing
exceeds one wavelength or is less than 0.1 A. Noise gain is presented tor a wide range of
frequencies so that the undersampled and oversampled cases are documented well.

It was shown that arrays with directional elements have nearly maximum gain with
average interelement spacing of about 1 wavelength if the design frequency (1)) is 300 Hz,
but S-wavelength spacing is required if fjy is 25 Hz.

The improvement due to the use of an array ot 16 iso-opt hypercardioid clements
compared to the use of a single directional element alone was evaluated. The improvement
is a few dB less than the gain of the array that uses omnidirectional elements.

The horizontal disc array has nearly constant gain with azimuth, even tiough there
is a substantial asy mmetry of element locations. This observation is useful in both detec-
tion (gain) a;.d localization (resolution) considerations.

The directional responses of random disc arrays were considered in several aspects.,
The beam widths in both horizontal and vertical planes were shown to approximate those
of a solid horizontal disc. The vertical beam width is much wider than the horizontal heam
width for the edge-fire disc. Large disc arrays such as those with a design frequency of
50 Hz will have a significant negative signal gain for signals arriving at angles tvpical of
many realistic environmental conditions. Their gain can be boosted by ihe use of verticul
steering.

The directivity patterns have relatively high average sidelobe levels ot about =12 dB,
but this is to be expected tor random arravs with 16 clements.
RECOMMENDATIONS
Consider the horizontal disc array ., inchuding the random form discussed ., for possible

applications. Investigate lobe suppression with regular finite disc arrays. Investigate ocean
engineering of both regular and random discs.
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APPENL IX A: ARRAY NOISE GAINS FOR HORIZONTAL DISC
RANDOM ARRAYS IN VERTICALLY DIRECTIVE NOISE
AND ISOTROPIC NOISE (N = 16, ¢g = 45°, g = 90°)
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10.0
?5.0
5c.0
100,0
150,0C
250,0
300.0
00,0

1040
2%,0
0.0
170,0
160.,0
250.0
300.0
600,0

10,0
26,0
S0.0
100,0
150,0
2%0,0
30o.0
600.,0

to,0
26,C
50,0
100,0
10,0
250,20
300,0
6N00,0

Fn

25,00
25,00
25,00
25,00
25,00
25,00
25.00
2%,0N

FD

50.00
S0.00
50.00
S0.00
50,00
50,00
$0.00
50.00

Fn

75.00
75,00
75.00
7%.00
75,00
7%.00
7%.00
75,00

FD

100,00
100.C0
100,00
100,00
100,00
100.00
100,00
100,00

F/FD

e 40Qg0
10000
200000
4.0000

10.0000
12.0000
24,0000

F/fFD

¢ 2000

*5000
le0CO0C
200000
3.,0000
5.0000
600000
l200000

F/7FD

«1333
«3331]
e 6647
13332
2.0000
332313
40000
800000

F/FD

-1000
+2500
«5000
10000
103000
2.5000
3.00n0
6.0000

RaD

460.7
450.0
450+ 0Q
45040
450.0
45040
45CeC

485G .0

Ra0

2250
2251
22540
22540

225+0!

22540
22540
22540

RAD

1500
1500
1500
1500
15090
150¢0
180.:0
15040

RAD

|
ll?l%
11245

1125
112¢%
11249
1125
11246
1125

e nA
150-0PT OMN]

17.52
13446
1503
16.03
lb.b7
17476
17+A5
18035

8.68
11,20
11,58
11.62
11,66
12,07
1le9y
12410

c8 NA
150-0PFT OMN

R.02
11440
l3yslé
I EAS-Y)
146219
1 17.18
17.80
‘802"‘

6452

B.94y
"o:O
11,74
11eb4¢4
11e76
1190
11499

ce oe
kSo-OPr OMN |
é TYRA]
? 9495
(12,42
ilqosq
| 19483
17.02
17.54
18+36

S.02

8e65
10.26
10,73
11478
11,69
11,79
12,22

08 NA
HSo-OPT OMN |

6032

g8+89
11440
13,98
15,21
16070
17,52
l8032

3,5}

7.68
1]1.28
114,66
11,49
11,87
11.99

26

ARRAY GAINS

IN VERTICALLY
DIRECTIVF wNOISE

DR
DIFF

1«84
24264
Js4b
4,41
S.01
Seb9
Se9!
6425

ce

DIFF.

160
2446

2:¢264

.82
4,75
Se42
5.90
6,425

oR
DIFF

1e92
1.30
2416
Je8I
405
5.3)
Ce7%
6ot W

(] .}
DIFF

2.8)
1e2])
2ol
2470
3.5%
Se2t
Seb5
6e¢131

DIRECTIVITY
1S0-

INDICES IN

TROPIC NNIsE

D8 DA
150-0PT OMN]

lloqo
l5e47
17,03
l7.42
17.67
17,90
17464
17.72

9e48
1159
12.01
1182
11e%9¢
12.0¢
11,92
12,013

08 DA
S0=-0PT OMN|

—

894
12.721
16,47
17,08
17.4%0
17,35
17.70
17:63

beb)

94y
11e59
12.08%
11.87
11.81
l1e98
1193

DB DR
1S0-0PY oMM

7.75
[lelb
14423
1602‘
17.0%
|7035
17.45%
17.70

4.80

9.18
10.87
11.38
12,058
11.80
|l08“
12.18

o8 DR
150=-0PT1 OMN{

Tell

9.88
12.91
15.53
14443
17,013
17.42
17.70

J. 21
7.77
9,44
11+60
11.82
11e60
11.8?
11e99

0.}
DIFF

2.42
.88
.02
.60
S¢71
S04
Se71
S5.s69

DR
DIFF

2.3
Je 4?7
3.88
.00
Se813
S+54
Se72
8470

(o] ]
OLlFF

249%
198
3,36
4,83
S.00
6,55
Setl
84.6%

o] ]
DIFF

3.9%0
2411
3.9
3.9
4461
5¢41
S.86%
S¢71




10,0
25,0
€0.,0
100.0
150.0
250,0
300.0
00,0

10,0
26,0
50,0
100,0
150,0
2%0,0
ico,0
600,0

10,0
25,0
50,0
100.C
150,0
250,0
300,0
600,0

10,0
25,0
50,0
100,0
159,0
250,0
300.0
6N0,0

FO

125.00
12%.00
126,00
125,00
125,00
129.00
125,00
125,09

FD

150,00
150,00
190.00
150,00
150,00
180,00
150,00
150,00

FD

225,00
225,00
225.00
225,00
225,00
225,00
225,00
225,00

FD

3o0.00
3J00.00
300.00
100,00
100,00
300,00
300.00
300.00

F/FD

«0800
+»2000
«4000
«80¢00
12000
2.0000
204000
4.80p00

F/7FD

+0647
01647
«31333
6647
10000
lebos?
2.0000
49,0000

F/7FD

oD4yH
ell!
02227
e 4444
N YYX
letiy!
1¢3331
206647

F/FO

eN3313
«08131
01667
¢332
«5C00
¢eR13)
1+00QV0
2.0000

ARRAY GAINS
IN VERTICALLY
DIRECTIVF NQISE

be o] )
RAD 1S0~0PT OMN|
9040 S92 2,43
900 ge02 be52
90+0| 10:¢52 8,68
90'0 13033 10057
90’0‘14056 10.87
90¢0| 16467 11489
900! 17422 11466
Q0¢0; 17:84 11478
oa o3i]
RAD [[S0=0PT OMN]
79¢0| 565 175
75.0 747 5,88
7540 9.95 B, 6%
7560/ 12+88 10,423
7500|14032 11633
75401 16438 11,55
75'0i|7-12 11493
7540, 1811 11,83
!
Y ne
RAD pSo-OPY OMN1
I
50.0| S.26 L8]
SCOO: 6054 4.08
S0«0- R4 7.02
S0¢0] 11425 Be74
S0¢N: 13422 10,52
€0e¢n, 15,39 1,29
S0:0l 16541 11,45
S0e0! 17.98 12,07
0B )]
RAD HiSp=0PT OMN]
375 5,11 LIS
3749 5,99 2.4}
37.5% 7,47 5.88
375 10130 R,8y
37.8( 12,11 9.25
37e5| 14467 10,97
37451 15,71 1).46
3751 17.78 11498

08
DIFF

Jen9
150
le8H|
2,76
3¢69]
478
Be6 b
beNb

nR
DIFF

1.90
1.59
loJOi
2445
2499

“083i
6428

nA
olrr;
4,46
2,46
1439
2.51
2469
4,10
4,96
Se?1

oR
DIFF

4,65
3.8
1.99
Je4é
2.864
3,70
4,25
5.80

DIRECTIVITY
INDICES IN

o8 nNB
1S0-0PT OMN{

672

Be94
1190
14.82
15,89
17.07
17.12
17,20

2¢19
bebl]
.48
11.009
11,39
12.06
11674
11.80

ne DA
150-0PT OMN]|

6o 48
83N
f1elb
lys,24
15453
lbobq
17.07
17.45

157
5.88
9.18
10.89
i1¢60
11468
12.06
11.8¢4

pae na
1S0=0PT OMN1

bel2 072
7033 3,78
9.36 Tell
12!31 9412
14,24 10,89
15.78 11,60
16423 11,39
17627 11497
0B (o))
1S0=0PT OMN|
5.99 4
679 2436
8434 5.88
11615 9,19
1291 9,4y
14493 11417
17,07 12.06

150-
TROPIC NAISF

OR
DIFF

451
2133
2¢42
3,73
4450
Senl
5.8
S.40

bR
DIFF

4,91
2e46
168
3,35
.93
Se01
.01
Seb1l

DR
DIFF

6,40
31,5%
2425
2499
3¢5
4,18
4,84
S¢30

DR
DIFF

5.68
§,41
2446
1496
3.“7
Jo76
3,9
Senl




10,0
10,0
10,0
10,0
10,0
10,0
10,0
10,0

25,0
25,0
25,0
28,0
25,0
25,0
25,0
25.0

50,0
50,0
50,0
50,0
50,0
50,0
S0.,0
50.0

100,0
100,0
100.,0
100,0
100,0
100,0
100,0
100,0

FO

25,00
S0.00
75,00
100,00
125.00
{s0.00
225,00
300.00

FO

25,00
5SC.00
75,00
100.00
125%.00
150400
225,00
300.00

FO

25,00
50.00
75,00
100,00
125,00
150.00
225.00
300,00

FD

25,00
50,00
75.00
100,00
125000
160,00
225,00
300,00

F/7FD

«40p0
«2000
01333
*« 1000
«0800
e0647
4 YN
v033)

F/FD

I.OOOD
5000
+3333
«2500
+2000
11647
o1l
«08313

F/FD

2,0000
1.0000
v66467
«5000
« 4000
+3333
02222
11647

F/FD

4,0000
2:,0000
132332
140000
«R0OpO
16647
ed4 44
«333)

08 o8
RAD Q1S0=0PT OMN]

460.0{ 1052 8,68
22540 a.02 b¢52
150¢0; 6¢94 5,02
112¢8] 6032 3,5}
900 .92 2443
78«0 665 178
E0eN| 826 81
375 Selld e Mg

ne ne
RAD f1S0=0PT oMN]

45040 13,46 11,20
225+0( 11440 8,94
150+0 995 84.685
1125 B8:89 7,58
900 8.02 5,52
76¢0| 7447 6S,B8
S0¢Q| 654 4,08
37e¢5| 85499 2,4

)] ne
RAD 1So-0PT omMN]

450¢0| 15403 11,568
22500 13446 11,20
15001242 10,26
11265 11490 8,94
90¢0| 10452 8,58
75¢0| 9495 B.b5
50¢0{ 841 7.02
37.85 7447 S.88

DA NnA
RAD 3S0-0PY OMN|

450¢0| 16¢03 11,62
22500{1S¢56 | ),74
150¢0] 14454 10,73
112¢5[ 13498 11,28
90¢0( 13433 10,57
7600|1288 10443
5040|1125 8474
37.5/ 10430 B.By

ARRAY GAINS
IN VERTICALLY
DIRECTIVE NOISE

oe
DIFF

1.84
180
1e92
2,81
Je49
3.90
4o45
4eb5

(o] ]
ODIFF

2026
2s46
1430
1e2]
1¢80
159
2446
3,38

Dn
DIFF

3,48
2626
2,16
2,44
1e84
1430
139
1659

)]
DIFF

Yo41
.82
3.8]
2.70
2476
2045
2.51
1eldb

DIRECTIVITY
INDICES IN (S0~
TROPIC NOISE

hY.) b))
1S0-0PT OMN]
l|090 e48
8e94 6461
7¢7S 4,80
711 Je2])
6¢72 2419
e U8 1657
6.12 072
5499 o i)
o8 0] :]

1S0=-0PT DOMN{

15447 1),.59
12.91 .4y
11el6 9.18

9.88 7.77
B8e+94 6,64
803“ 5,88
7.33 3,78
6079 236
08 na

1S0-0PT OMN|

17,03 12,01
15,47 11,59
14423 10487
1291 Fely
11090 9,48

l1e¢16 9,48
Fe36 Tell
8+34 5,88

o8 oa

150=0PY OoMN]|

17.42 11,82
17.0% (2,05
f6e¢21 11,38
15,523 11,60
ly.82 11.09
14,24 0,89
12431 932
11,15 9,19

o]
DIFF

2442
2033
2,95
3.90
4,813
4491
Se40
Seh8

or
DIFF

3.8n
Jey?
l1¢98
2.)1
2:31)
2.46
.85
LR

oo L Al b A o e a1

on
DIFF

s

5.02
.88
3,34
3. N7
242
1e98
2025%
2046

oR
DIFF

bbb g gL

S.60
5.00
4,813
3.9
373
1,238
299
1e96

ol ol L e e

LR e )




150,0
i50,0
150,0
10,0
10,0
150,0
150,0
10,0

250,0
250.,0
250,90
250,0
250,0
25040
250,0
250,0

3oo,.0
3ng, 0
loo, 0
oo, 0
300,0
00,0
oo, 0
3ng,.0

600,0
00,0
600,0
600,0
600,0
&¢N0,0
$00,0
600,0

FO

25,00
50,00
75400
100.00
125,00
150400
225000
300.00

FO

25.00
50,00
78,00
100,00
125.00
150,00
225,00
300,00

fFD

25,00
50,00
75,00
100.00
125,00
150,00
225.00
300.00

FD

25,00
€0.00
76,00
100.00
125,00
150,00
225,00
J00.00

F/FD

6.0000
3.0000
200000
1¢5000
142000
10000

0 bb667

5000

F/FD

10,0000
$+0000
3,333
2,5000
2,0000
leb6667
let 1)1

8332

F/FD

12,0000
6.0000
4.0000
3.0000
20“000
2.0000
1¢33313
1.n0p0

F/FD

Z24+0000
12,0000
8.0000
640000
448000
440000
2066487
2,0000

RAD

460.0
2250
1500
1125
90.0
750
5040
375

RAD

450.0
225.0

150.0!

1128
90.0
750
S0e0
375

RAD

45040
22540
150.0
11265

90.0°
7540.
S040:

37.5

RAD

45040
22540
15040
11245
900
7540
50.0
37¢5

ne 0B
1S0-0PT OMNt

16467
16039
15,83
15421
14,56
14o32
13622
12.11

1'066
lls64
11478
l1.b66
10,87
11e33
1053

9.25

o8 nB
1S0-0PT OMN]

17,76
17.18
17.02
| 16470
'14e67
116038
l'1g,39
|]q,b7

12,07
11e76
11469
1l1.49
11,89
1158
11,29
10,97

DB nAe
150=-0PT QMN]

117,85
17,80
17,54
17.52
17.22
17,12
16,41
16,71

11494
11490
116479
11.87
11e666
11.93
1].4%
11446

|
I
i )] b):)
FSO-OPT OMN |
|18035
1a.24
18,36
18032
17,84
lastl
17,98
17.78

12410
11.99
12,22
11699
11478
11,813
12.07
1le98

ARRAY GAINS
IN VERTICALLY
DIRECTIvVE NOISE

o8
DIFF

S.01
4475
4,05
3,56
3,69
2099
2669
2086!

o] ]
DIFF

Se67
5.“25
Se33|
S.21 |
4,78
4,83
410
3.70

DR
D'FF,
.91
5.90
6,76
S4465
Se56
S5.19
44964
Yo25

oe
DIFF

|
64251
602§E
belH|
beldd
be06
be28
S.91
SeR0

DIRECTIVITY

INDICES IN

nA D8
150-0PY QMN|

17.67
17.40
17.05
1oeH3
15,89
1653
14e24
1291

11.9%
11.87
12,085
11.82
11439
11e60
10.89

Feldy

oe np
150-0PT OoMN|

17.90
17.35
17,38
17,03
17.07
16069
15,78
14,93

12,06
1{s81
11.80
11e60
12,06
l11s68
11460
1117

L) nA

!ISO-OPT OMN|

17,64
17.70
17,45
17.492
17.12
17,07
16,23
16,54

11923
11498
11,84
11,87
11674
12,06
11,39
11461

nre nA
150-0PY OMN]|

17,72
17,613
17,70
1770
17.,2C
17,45
17.27
17.07

12,01
11493
12,15
1199
11480
11,84
11497
12,08

1SO-
TROPIC NOTISE

o,
DIFF

Re?1l
Se83
5.00
4o.61
4,50
.93
3.35
Jeu?

ng
DIFF

5¢84
5¢54
5+5%
Se41l
5.01
501
4,18
3e76

DR
DIFF

5,71
572
Bebl
5.55
5.38
5.01
4,84
.93

Dy
DIFF

5,69
S¢70
5,55
S5¢e71
5. 40
S5eb1
5,30
Se01l




APPENDIX B: PROGRAM FOR GENERATION OF
COORDINATES OF RANDOM-ARRAY ELEMENTS
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LOMPUTEL tLEMENT LOCATIONS FOK nANDOM ARRAYS BY RL HESSER
*»2 THIS FGM ONLY FOR CIRCULAR ARRAY*ss
sas In XY PLANF, IE, INCOMPLETE, XX

DIMENSION XC100),Y(1CG)2(100)

hE‘D(&.’CC" 1C5|IE'EHSU(HAD|IG'PI
aRTTECE gV 0EYICS,IE ,EMSD yhAD 16 4R
WRITE (G ,1C04)

wRITE (t,10C2)

oL 17 121,100

l(])=Co

1(1)=C.

1(1)=C.

CUNTINUL

JICS=CUOKDINATE SYSTLe

x=1
¥y=¢
FER]
XYy=4
22 =5
Yl=%5

XVZ=
JEENG (F ELEMENTS

EMSDEMINIMUM ELEMENT SEPARATION DISTANCE

RAD=RADIUS OF CIRCLE ySIDE OF SGUARE 4SHORTEST
SIDFE OF FeCTANGLE qMINCKR AXTS QF ELLIPSE

1G6=GeOMETRY

CIRCLE
SALAKE
KECTANCLE
tLLIFSE

LU L T B ]
£ N -

IRADc=LONGEST SLIDE CF RECTANGLE OK MAJOUR AXIS

(F ELLIPSE ’

ng SFLVATCICSAIEATG)e ((EMSD/RALY®.SD) 4R

EMSU=EMSD 1 ,4142135¢

po 10U 1=s1,1€

it COICS oNEe &) JUK. (IG oNE, 1)) GO TO 10°

CALL SST1(kR2)

ACT) = (R + R?7 - 1.0) » kay

CALL $S1(k2)

Y(1) = (Ri ¢ Kl =1,{) » KiD

IF (EMSL oJEwe Cob) G0 TOU 75

1F (I 0T, 1) CALL (SOOI oXoY ol ,4t¥S5D,d)

1F (1 a0l 1) CALL (MDCY gk, Yyl hAD RHJ)

THE SUBKROLTINE wAS CHANGED ALSO,

CALL CMDOaC1)4Y(1)420( ) 4yRADGR,J)

IF (J +0T. &) GO TO €L
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L3 cC
56 108
e
t1
t¢
¢ 101
L 1o«
& 102
té 1¢Ca
¢? 1.0¢
t= 1LCe
LY 10C7
s 1¢0¢
1
. 72
1
<
:
&
b
¢
1
N ¢
' 1
4
b
¢
7
¢
9
1¢ 1.0
11
12 L0
11
14

M_ii=—e==—==s5= -5 _ =i=

wRITE (¢, 10C3) 1,x€1), YU(1), 2C1)

aRITECICHWICCI) Joyx(1d,¥(1),2(1)

CONTINUE

wRITE (1C,1C05) (x(L:, L

«R1TE (1C|1306) ('(L). L

“RITE €10,1C807) C2CL),y L
rOKNAT ()

17,3:)
12,%)
17,3¢)

" N ow

s R

» RAD

FURMAT (21X Loy 7X s XCUL) o N g"YAL) T 92X ALY "o 3X g "R 7 9y7Xs“RAD”)
FORMAT (18X, 14y 2€2%y F942)gFEal0cF9P:2)

FORMAT (47)
FORPAY (“x= “y 4F10.4,2(¢/°%  ~,4F10,

6))

fOkPAT (": .' 4(10.6.5(I'* ‘|4'1LOQ) )

FORMAT (7= “y 4FEV1C.4L5(070  “L4F1C,
PORMAT (° 1C¢=°, 12, 2%, “1E=", 12,
A 2X3RAD=", 7.2y ¢Xy “1G="4 lcy Xy

END

SUVURUUTINE CMDUX Y o2 4RADyF )
d==1

F=SQRT(Xsx 4Y222)
1F(R,OTehnAL) J=1

RETURN

L ab

SUHROUT JNe CSDCIyReY ol yEMSDyJ)
DIMENSION XCI0C), YCI1C0),2¢1L0)
4==1

n=l-1

bo 10¢ L="K

A1=xCL)-X (L)

YI=v(1)=-Y (L)
LZIZ5QRT(X]1vs2eY]a22)

IFC2T «LEEMSD) GO TO SO
CONTINUE

RETURN

4=1

RETURN

eEnND

4))
2%,

TRA=T4F5.1 )

TEMSp=",

Faol,

wmmm$MMMmu

E

it A 52 el S 05 b

o Lot bl 3 e

i alll

v ke,



b

=
3
INPUT PARAMETERS TO APPENDIX B PROGRAM USED TO OBTAIN RANDOM ;??
ARRAY LOCATIONS E
3
1CS 4 Horizontal planar array %
1E 32 Elements g
EMSD 0.0 Minimum separation
RAD 1.0 Radius
1G 1 Circular anay
N RX 10 Random number parameter E
‘




